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METHOD OF MAGNETIC RESONANCE
IMAGING FOR THE SELECTION AND
RECORDING OF CURVED SLICES

This application claims Paris Convention priority of DE 10
2011 007 501.1 filed Apr. 15, 2011 the complete disclosure of
which is hereby incorporated by reference.

BACKGROUND OF THE INVENTION

The invention relates to a method of MR (=magnetic reso-
nance) imaging, wherein, using a gradient system, a magnetic
field B, that is variable over time and space is used for the
spatial selection of a region to be imaged and for at least
two-dimensional spatial encoding of the MR signals in the
region to be imaged of an object to be examined, wherein the
magnetic field B, , has n;,, field components with a spatially
linearandn,, ,, field components with a spatially non-linear
dependence, wherein ny,+n, .=l and ng, 1n,,,.,,EN,
wherein the amplitude and the spatial dependence of B, ;are
controlled by means of the strength and the ratio of the ampli-
tudes of the individual field components, wherein the RF
(=radio frequency) pulse(s) is/are transmitted by an RF trans-
mitter system with ng transmitter coils, where n;eN and ng=1
and wherein the RF signal transmitted by the object to be
examined is received by an RF receiver system with ng
receiver coils, where nzeN and nz=1.

Partial aspects of such a method are known, for example,
from [1] and [2].

Magnetic resonance imaging is a non-invasive method for
the spatial resolution and display of the internal structure of
an object, for example, the human body. The method is based
on the energy behavior of atomic nuclei in an external mag-
netic field, which permits excitation of the nuclear spins by
means of suitable RF (=radio frequency) pulses, as well as
subsequent read-out of the signals emitted by the excited
nuclear spins.

The received MR signal is composed of the individual
signals of all the excited spins. Spatial allocation of these
signals requires that the positions of the spins be encoded in
advance, during the acquisition (recording) process. For this,
spatially variable magnetic fields B, ,(X.y.z) are superposed
on the main magnetic field B,,. According to equation {1},
this results in a space-dependent variation of the Larmor
frequency v; of the atomic nuclei, where B(x,y,z) designates
the magnitude of the resulting magnetic field and y, the gyro-
magnetic ratio:

{13

Conventionally, spatial encoding is achieved using super-
imposed magnetic fields, termed linear gradients, in which
the change of field strength in space is as linear as possible. To
produce these by linear combination, gradient systems are
available with three field components whose linear gradients
are aligned along the x-, y-, and z-axes and are therefore
orthogonal with respect to one another. Spatial encoding in
either one, two, or three dimensions is performed by varying
the amplitude of the gradients in the relevant spatial direc-
tions according to the known principles, either by Fourier
encoding, filtered back projection, or another known method
[3].

If a superimposed magnetic field (B, ) is produced dur-
ing irradiation of the RF pulse, spatial delimitation of the
excited volume results. In this process, termed slice selection,
only those nuclear spins are excited whose Larmor frequency
v, is within the bandwidth of the RF pulse. When conven-
tional linear slice selection gradients are used, the selected
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volume has the typical shape of a planar slice. This is fully
defined via its flat midsurface A, where

B grea1 (A3)=y*frequency offset

{2}
and its thickness, wherein the latter derives from the ampli-
tude of the superimposed magnetic field and the bandwidth of
the RF pulse. The normal of the midsurface is always aligned
parallel with the linear gradient of the superimposed mag-
netic field B,,,,,. Because the latter is produced by linear
combination from a set of field components with orthogonal
gradients, it can be put together to produce any orientation
and positioning of the slice. The orthogonality of the gradi-
ents also enables the production of further superimposed
magnetic fields B,,,,, whose gradients are perpendicular
with respect to one another and with respect to the midsurface
normal, and consequently ensures spatial encoding along the
midsurface of the excited slice. This corresponds to a standard
projection of the spin density that is perpendicular to the
midsurface and therefore to a rectangular voxel volume.

The MR signal read out for the different variations of the
superimposed magnetic fields is allocated to so-called
k-space, wherein the position in k-space results from the
strength, duration, and orientation of the switched superim-
posed magnetic fields. The order in which k-space points are
sampled during recording is described by the trajectory of the
acquisition method used. Generally, the signal components
containing low-frequency information and therefore the
approximate structure of the object to be mapped are encoded
at the center of k-space, while the edge regions contain
detailed, the higher-frequency information. The size of the
field of view FOV (=Field of View) of the resulting MR image
is proportional to the sampling density 1/Ak of'k-space. Ifthe
FOV is too small and does not entirely cover the object to be
imaged, the outer regions of the object to be imaged appear
folded inward in the reconstructed MR image. These folded
image components are termed aliasing.

Inthe case of one-dimensional acquisition, only one row in
k-space has to be acquired. The superimposed magnetic field
switched during acquisition is termed the read-out gradient.
For a given sampling density, the resolution of an MR acqui-
sition is therefore determined by the strength and duration of
the read-out gradient. The steeper the gradient and the longer
it is switched, the further from the center of k-space are the
acquired points. For a two-dimensional MR acquisition, mul-
tiple k-space rows are acquired, wherein the number of rows
corresponds to the number of points in the second dimension
of the image. The superimposed magnetic field (“phase gra-
dient”) responsible for the so-called phase encoding is
switched for a certain time interval between excitation and
acquisition of the signal, wherein the gradient strength is
varied accordingly for each row. The acquisition duration
therefore results from the product of the number of rows and
the duration TR (=Time of Repetition) for acquisition of one
row. In the case of a three-dimensional MR acquisition,
k-space is extended by a third dimension; for encoding, an
additional phase gradient is switched in the relevant direction.
The number of k-space points along each dimension, and
therefore also the number of resulting voxels, is described by
the matrix size. In the case of a matrix size of N,xN xN, and
row acquisition duration TR, a total acquisition time TA
(=Time of Acquisition):

TA(3D)=N,xN,xTR therefore results for a 3D-acquisi-
tion,

{3}

and correspondingly, for a 2D-acquisition with an N,xN,,
matrix:

TAQD)-N,xTR. {4}
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In the usual case of an equidistantly sampled k-space, the
signal density in frequency space is calculated directly by
means of the iFT (=inverse Fourier transform) of the k-space
signal. The subsequent transformation of the signal density
into real space results from the respective spatial dependence
of the superimposed magnetic field used for encoding.

One established possibility for reducing the acquisition
duration is to use several receiver coils and the resulting
spatial information [4]. In the parallel imaging technique
SENSE[S5, 6], specific k-space rows are omitted during acqui-
sition. The acquisition duration is shortened; this is referred to
as acceleration. The MR images reconstructed from the data
acquired by the individual coils are however folded as a result
of'the reduced sampling density. Because of the varying spa-
tial sensitivity of the individual receiver coils with which each
received signal is modulated, different weighting arises in
each coil image between the intensity of the image and the
intensity of the aliasing caused by folding. If the sensitivity
distributions of the individual coils are known, the aliasing
can be described by solving a corresponding system of equa-
tions and calculated accordingly from the overall image
resulting from all coil data. A further parallel imaging tech-
nique is known as GRAPPA [7, 8]: Unlike SENSE, in this
case, the missing k-space rows are calculated from the addi-
tional coil information before reconstruction of the MR
image.

Standard MR imaging techniques use purely linear gradi-
ent systems and permit the mapping of thin slices in any
orientation and with a rectangular voxel shape. However,
because of the linearity of the gradients, it is limited to the
selection and encoding of planar slices. Organic structures
such as are found in the spinal canal or on the surface of the
brain, in particular, cannot be described by a planar slice.
Complete coverage of such structures therefore necessitates
the selection of a thick slice, combined with the time-con-
suming three-dimensional encoding or acquisition of mul-
tiple planes followed by reformatting of the individual slices.
The selection and encoding of a curved slice whose shape can
be adapted to the structure of the object to be examined is
therefore desirable.

As early as 1989, Lee and Cho [9] demonstrated that, by
using a superimposed magnetic field of shape B, ., =xxy’—
27°, application of a superimposed magnetic field with a
spatially non-linear dependence as the slice selection gradient
permits selection of a volume that deviates from the shape of
a planar slice. In this method developed for two-dimensional
limitation of the selection volume, the excited, cylindrical
volume was subsequently spatially resolved by time-consum-
ing linear 3D-encoding. Oh and colleagues [ 1] expanded this
technique by applying an additional linear gradient during
irradiation of an RF refocusing pulse, so that the 3D-encoding
of'the cylindrical volume could be reduced to the 2D-encod-
ing of a planar, circular slice. In further work, they [10], and
‘Wu and colleagues [11], also demonstrated that the selection
volume can be spatially shifted during the selection process
by the additional application of magnetic field components
with a spatially linear dependence, and that the shape of the
selection volume can be altered by varying the frequency
offset of the RF pulse. These early methods explicitly aim at
selection of a planar slice, albeit spatially limited.

As an alternative to choosing the selection volume via the
spatial dependence of the slice selection gradient, in 1996,
Bérnert and Schaffter [12, 13] demonstrated that the selection
process can be spatially delimited using mufti-dimensional
RF pulses. The selection of curved slices, whose position,
orientation, and curvature can be very flexibly chosen was
also explicitly demonstrated. The spatially selective excita-
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tion using mufti-dimensional RF pulses is based on irradia-
tion of an RF pulse with a temporal dependence adapted to the
shape of the volume to be selected combined with a spatially
and temporally variable amplitude and orientation of the
superimposed magnetic field B,,,, , - The sequence of switch-
ing, including the strength, duration, and orientation of the
superimposed magnetic field B, ,; is described analogously
with switching of the superimposed magnetic fields for spa-
tial encoding by a corresponding trajectory in the (transmis-
sion) k-space. Here, too, the spatial extent of the region in
which the volume to be selected is to be located is propor-
tional to the sampling density, the resolution of the target
pattern of the volume to be selected and also proportional to
the number of sampling points of transmission k-space. To
allow additional selective excitation along the third dimen-
sion, the transmitter k-space must be extended accordingly.
Because the entire trajectory is sampled during a single trans-
mission of the RF pulse, resolution of the target sample is
usually severely restricted by the strength and switching rate
of the superimposed magnetic field B,,,, as well as the
dephasing rate of the signal already excited. The longer dura-
tion of multi-dimensional RF pulses as compared with con-
ventional, one-dimensional RF pulses increases the mini-
mum possible echo time of the acquisitions. It additionally
results in an increased sensitivity with respect to the inhomo-
geneities of the static magnetic field, which above all results
in non-homogeneous excitation and artifacts. Moreover, the
energy requirement of RF pulses, which increases with the
dimension, results in a large increase in the energy deposition
in the object to be examined even with two-dimensional RF
pulses. SAR (specific absorption rate) limits therefore impose
restrictions on the choice of pulse and thus on the slice shape.
Selection by means of multi-dimensional RF pulses is there-
fore considerably more complex than with conventional, one-
dimensional pulses and their practical application is severely
limited in some cases.

Bornert and Schiffter have also demonstrated the problems
associated with spatial encoding of a curved slice. Conven-
tional encoding with linear gradients corresponds to projec-
tion of the non-planar slice onto a planar surface. The
orthogonality criterion, which states that encoding gradients
and surface normal must be mutually perpendicular, can
therefore only be met in a few regions. The more the midsur-
face normal of the excited slice deviates from this, the more
distorted the shape of the resulting voxel will be. This is
accompanied by a reduction in the local resolution and even
ambiguities if the spin densities of different regions coincide
spatially. This is the case, for example, if a slice curved with
an angular bend of more than 90° is projected onto a plane. To
be able to separate regions superposed during projection
despite this, Bornert and Schiftter [ 13] propose additional RF
encoding of the relevant regions. In a further development of
this method with refined regions, Bornert [14] demonstrates
an approximation to a slice curved along the slice dimension
by concatenation of N rectangular voxels of the same orien-
tation. Encoding along the voxel chain is achieved by N-fold
excitation of the voxel chain, wherein the phase is varied
along the voxel chain by appropriate adaptation of the 2D RF
pulse. Based on known principles, such as the Fourier trans-
form, the voxels can subsequently be separated again. The
method thus reduces the two-dimensionality of the recon-
struction to one dimension. One disadvantage of this method
is that, due to the nature of the method, during RF pulse
encoding of a curved slice, the typical problems occur that are
associated with the use of multi-dimensional pulses, such as
great sensitivity to inhomogeneities of the static magnetic
field or increased energy deposition in the object to be exam-
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ined. Moreover, multiple irradiation of complex RF pulses
means that the method is also susceptible to individual dis-
turbances of the pulses. The resulting irregularities in encod-
ing along the voxel chain result, for example, in intensity
modulation or disturbance signals. Even if the method can
theoretically be applied to encoding along both slice dimen-
sions of a curved slice, it is limited to one curved dimension
in practice: besides the problem of 3D RF pulses already
mentioned, encoding an NxN “voxel carpet” would result in
an N-fold increase in the acquisition duration. Moreover,
although the voxels have a rectangular shape, their lateral
surfaces are not usually aligned with the midsurface.

In particular, the aforementioned problem of reduced local
resolution persists. Encoding along the curved slice for pro-
jection of the spin density perpendicular to its midsurface is
therefore not possible with this method.

An alternative approach for encoding a slice selected with
2D RF pulses and curved along a slice dimension was pro-
posed by Jochimsen and colleagues [15]. In their method, an
approximation to the curved midsurface of the slice is
achieved with multiple planes. A plane in three-dimensional
k-space can be allocated to each of these planes. The k-space
points are defined taking into account the sampling density
necessitated by the resolution. Reconstruction along the
curved slice is performed by means of numeric Fourier-inte-
gration. The main disadvantage of this method concerns the
requirements with regard to slice shape: it can only be curved
along one dimension and approximation to the curve by
means of a polygon must be possible. The method also
assumes that the contrast along the midsurface normal is
constant for every point in the slice, since interference may
otherwise occur between the individual planes. Moreover,
every plane must be fully sampled to avoid aliasing. Because
of the superposition of the individual segments, more points
are therefore acquired than would be required for reconstruc-
tion of the actual curved slice. This inefficiency increases
with the number of segments. In practice, only rough approxi-
mation of encoding along the curved slice can be achieved by
this method.

The object of the invention is therefore to provide an MR
imaging method with which curved slices can be mapped
efficiently and with high resolution. The method should be
adapted to the respective slice shape.

SUMMARY OF THE INVENTION

According to the invention, this object is achieved in a
surprisingly simple but effective manner in that the magnetic
field B, ;s applied during a single measurement cycle from
excitation to read-out of the MR signals with at least three
superimposed magnetic fields B,,,, in the region to be
mapped of the object to be examined, the first superimposed
magnetic field B,,,,, having a spatially non-linear depen-
dence, the volume of at least one curved slice being selected
by applying the first superimposed magnetic field B, dur-
ing irradiation of one or more RF pulses, wherein the position
and orientation of the curved slice, the degree of curvature
and the thickness of slice along the amplitude and the spatial
dependence of the first superimposed magnetic field B, .,
the magnitude of the frequency offset and the temporal
dependence of the RF pulse(s) are selected, the position,
orientation, and curvature of the slice being described via
midsurface A,, with B, ,(A,)=gyromagnetic ratio
v*frequency offset and a thickness thereof defined by the
respective extent of the slice along the normal of the midsur-
face A,,, with the volume of the selected slice being com-
posed of nv partial volumes and, in each partial volume, the
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gradients of at least one pair of the remaining superimposed
magnetic fields B, , (i>1) exhibit an angle dependence of
70° to 110° with respect to one another and with respect to the
normal of the midsurface A,, within the partial volume,
wherein at least one superimposed magnetic field of the
respective superimposed magnetic field pair exhibits a spa-
tially non-linear dependence, and combinations of these pairs
are used for at least two-dimensional spatial encoding of the
MR signal along the midsurface A, of the selected slice.

The invention is based on the principle that by linearly
combining the spatially linear and non-linear field compo-
nents, a set of at least three superimposed magnetic fields
B,, .4 18 produced in such a way that by switching the first
magpetic field B, in combination with one or more RF
pulses, a slice of the desired position, orientation, and curva-
ture is selected and for each partial volume of the selected
slice at least one pair of superimposed magnetic fields B, .,
(i>1) exists whose gradients are aligned with respect to each
other and with the normal of the midsurface A, almost per-
pendicular, i.e. in the range of 70° to 110°, so that, by subse-
quent spatial encoding with these pairs of superimposed mag-
netic fields, projection of the spin density within each partial
volume is achieved that is almost perpendicular to the mid-
surface.

The advantages achieved with the invention are, in particu-
lar, that a curved surface is selected with the superimposed
magnetic field B,,,,,, in a fast and efficient manner, and also
that, by selective combination of the further superimposed
magnetic fields By, (i>1), actual spatial encoding along
both dimensions of the midsurface is achieved. As in conven-
tional multi-slice selection, packages of multiple curved
slices can be selected with the inventive method, wherein the
individual slices do not overlap. For reasons of clarity, how-
ever, the description below discusses only selection of one
slice by way of example. The nearly perpendicular projection
(70° to 110°) resulting from the inventive spatial encoding of
the spin density onto the midsurface results in voxels with a
nearly rectangular shape and an alignment along the midsur-
face. This optimizes local spatial resolution. It is especially
noteworthy that, by this method, ambiguities can also be
avoided, such as occur, for example, when a curved slice with
abending angle greater than or equal to 90° is projected onto
a plane. Furthermore, an almost rectangular voxel shape is
standard practice in conventional MR acquisitions and users
are already experienced in interpreting such acquisitions. Par-
tial volume effects can also be reduced due to the nearly
perpendicular projection of the spin density onto the midsur-
face in the overall region of the excited slice to be mapped.

The combination of the superimposed magnetic fields
B,, .4 from individual field components and the resulting
ability to vary their spatial dependence also provides a high
degree of flexibility in the selection of the position, orienta-
tion, and curvature of the slice to be selected in both slice
dimensions. Unlike the standard method of selection of a
curved slice using multi-dimensional RF pulses, there are no
restrictions on the resolution; the excited volume is charac-
terized by a smooth dependence. Shorter and simpler one-
dimensional RF pulses can also be used. This not only
achieves shorter echo times but the selection process is less
sensitive to B, inhomogeneities, which results in a more
homogenous excitation of the volume with fewer artifacts.
The use of conventional, one-dimensional RF pulses also
requires lower transmission power, thus greatly reducing the
energy deposition in the object to be examined as compared
with the standard method. Restrictions on the choice of slice
shape due to SAR-limit values are therefore negligible. A
further advantage of the inventive method is that, for example,
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in the simple case where nv=1 partial volume, the superim-
posed magnetic fields B, or their combination, can be
allocated directly to a slice selection, read-out and phase
gradient. In this way, conventional sequences can be trans-
ferred directly to the inventive method without time-consum-
ing modifications. This also applies to the switching of addi-
tional gradients, such as slice refocusing, spoiler, or
dephasing gradients.

Conventional slice selection by applying a superimposed
magnetic field having a spatially linear dependence during
irradiation of a simple RF pulse (e.g. sinc pulse) is a fast and
efficient method for selecting a thin, or even a thick, planar
slice. Extending this method by applying a first superimposed
magpetic field B, ,, with a spatially non-linear dependence
permits the selection of a non-planar slice, or a curved volume
while maintaining the speed and efficiency of the method. If,
additionally, the superimposed magnetic field B, is
obtained as a linear combination of field components with
spatially linear and spatially non-linear dependences, the spa-
tial dependence of B,,,,, can be specifically adapted by
means of the amplitudes of the individual field components.
Combining this with a corresponding adaptation of the band-
width and the frequency offset of the RF pulse(s) results in a
large degree of freedom to select the position, orientation as
well as the curvature of the non-planar slice. To map the spin
density in the region to be imaged of the object to be examined
onto the midsurface of the selected non-planar slice, combi-
nations of pairs of further superimposed magnetic fields
B,,ua (1) are used for spatial encoding according to the
inventive method. These are selected in such a way that, over
the total region to be imaged (nv=1), the gradients of at least
one pair are aligned almost perpendicularly with respect to
one another and with respect to the normal. If the required
spatial dependence of the superimposed magnetic fields can-
not be implemented for physical or hardware reasons, the
slice volume is divided into nv>1 partial volumes. The num-
ber and shape is chosen such that, in each partial volume, at
least one superimposed magnetic field pair exists whose gra-
dients approximately fulfill the orthogonality criterion with
respect to the normal of the midsurface. This enables the
excited spin density to be projected onto the midsurface of the
non-planar slice in each partial volume and thus—after appli-
cation of a suitable reconstruction method—provides voxels
of an almost rectangular shape that are aligned along the
midsurface. As a result, the inventive method successfully
applies the proven principle of linear imaging, by which
orthogonal gradient fields are used for slice selection and
subsequent spatial encoding, to non-linear imaging.

In one preferred embodiment of the inventive method,
additional spatial encoding of the selected slice is performed
using the first superimposed magnetic field B,,,,, along a
respective axis that is locally aligned with the normal of the
midsurface A,, in the range -20° to 20°. Because of this
additional spatial encoding that is nearly perpendicular to the
midsurface, the excited slice is encoded in three dimensions,
permitting division of the slice into corresponding subslices.
These are characterized by the fact that, despite their curva-
ture, they are seamlessly concatenated and thus map the
excited slice volume while fully retaining a locally approxi-
mately rectangular voxel shape without overlapping. This
embodiment of the inventive method also makes it possible to
represent especially thin slices of the object to be examined.

Another preferred embodiment of the method is character-
ized in that the first superimposed magnetic field B, is
varied over time and space during irradiation of the one or
plurality of RF pulses. This makes it possible to excite a
non-planar slice, whose shape deviates from that of a slice
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defined by a constant B, ,,, by combining one or more suit-
ably adapted RF pulses. In this way, for example, the spatial
dependence of the curvature or the spatial variation of the
slice thickness can be changed.

Another special embodiment of the inventive method is
characterized in that magnetization of the selected slice is
prepared by one or more excitation, refocusing and/or satu-
ration operations, wherein the non-linear first superimposed
magnetic field B, ,,,, is used with at least one RF pulse. Use
of combinations of these known techniques of magnetization
preparation increases, among other things, the flexibility of
choice of volume selection.

The scope of this invention also includes an embodiment of
the inventive method in which the temporal dependence of the
amplitude and phase of the RF pulse or one or more of the RF
pulses is adapted for each ofthe ng transmitter coils. Based on
the varying position and spatially varying sensitivity of the ng
transmitter coils, this embodiment enables specific adjust-
ment ofthe RF pulse or pulses in a defined volume region. For
example, it is possible to limit the excitation of a slice to a
specific volume region. Particularly when using superim-
posed magnetic fields that result in the selection of multiple,
doubly non-unique slices, this embodiment increases the
flexibility of slice positioning. As part of the application of
multi-dimensional RF pulses, this embodiment also permits
subsampling of the transmission k-space. This permits, for
example, the use of shorter RF pulses or a higher resolution of
the volume to be selected.

Another preferred embodiment of the inventive method is
characterized in that the local weighting and position of n.
receiver coils is taken into account during signal reception
and the differences between the individual receiver coils are
used to reconstruct the image. This embodiment additionally
permits reconstruction of MR signals for whose spatial
encoding, non-unique encoding fields were used. The spin
densities of identical spatial encoding are separated and
assigned to the correct respective space, based on the differ-
ences between the signals of the individual receiver coils and
their known sensitivity distributions. In technical implemen-
tation, the inverse of the encoding matrix is calculated by
methods such as matrix inversion, for example. This extends
the range of useful superimposed magnetic fields and the
associated selection of slice shapes. In the case where mul-
tiple non-unique slices, which are positioned in such a way
that both parts of the object to be examined are excited, this
method can also used for allocating the spin density to the
corresponding slice. This, in turn, increases flexibility during
slice positioning.

Inclusion of'this additional encoding information also per-
mits the use of subsampled data and thus speeds up the acqui-
sition process because fewer data points have to be acquired.
Subsampling of the data results in folding-in of the image;
different regions are superposed. The superposed regions can
be separated using different signals from the individual
receiver coils, for example, as part of a SENSE or GRAPPA
reconstruction procedure.

In another embodiment of the inventive method, one ofthe
superimposed magnetic fields allocated for spatial encoding
in each partial volume is used for frequency encoding and
another is used for phase encoding. For example, in the case
where nv=1, these would be B,,,» and B, , ;. This alloca-
tion permits, among other things, the use of standard
sequences of two-dimensional imaging such as RARE, EPI or
FLASH, which use one superimposed magnetic field for fre-
quency encoding and one superimposed magnetic field for
phase encoding.
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Alternatively, in another embodiment, one or more of the
superimposed magnetic fields allocated for spatial encoding
in each partial volume are used for frequency encoding. This
allows, among other things, the use of standard sequences of
two-dimensional imaging, which use pure frequency encod-
ing, for example, based on radial or spiral encoding.

In another alternative embodiment, one or more of the
superimposed magnetic fields assigned for spatial encoding
in the respective partial volume are used for phase encoding.
This permits, among other things, the use of standard
sequences of two-dimensional imaging, such as chemical
shift imaging (CSI) or conventional spectroscopy sequences,
which use pure phase encoding.

One embodiment of the inventive method, which also falls
within the scope of this invention, is characterized in that the
shape of the field components used corresponds to spherical
harmonic coefficients of first or higher order. The shape of the
spherical harmonic coefficients of first order is characterized
by a spatially linear; that of the higher order, by a spatially
non-linear dependence. The linear combination of spherical
harmonic coefficients of different orders produces a wider
range of possible field dependences, resulting in great flex-
ibility in the choice of the slice shape. This embodiment
additionally utilizes the properties of spherical harmonic
coefficients that permit functions to be easily found whose
gradients are globally mutually orthogonal, such as in the
case of cylindrically symmetric functions. Consequently, for
a first superimposed magnetic field B, ;, chosen for slice
selection, it is particularly easy to calculate two further linear
combinations of spherical harmonics of first or higher order,
whose gradients are globally perpendicular with respect to
each other and with respect to the gradient of the first super-
imposed magnetic field B, ;.

In an advantageous further development of this embodi-
ment, the superimposed magnetic fields take the form:

Boraa1(%,p,2)=a"x+b My+c, *Z"'dl*(xz—)’z)"'el*(x)’)
Braio(%,,2)=0"x+b5 *y+cy *24+d5* (P-y?)+er* (xp)

Baas®.y,2)=a3*x+b3 *y+c3 ¥z

grac

where a,, b, ¢;, d, and e, denote the amplitudes of the respec-
tive field components. The individual superimposed magnet
fields therefore represent a linear combination of the spheri-
cal harmonic coefficients of first order and of selected spheri-
cal harmonic coefficients of second order. Compared with
terms of third or higher orders, in this embodiment of the
inventive method, no complex supplementary terms, such as
z*(x*~y?), are used. The resulting, simpler field distribution
of the superimposed magnetic fields therefore permits espe-
cially simple selection of the slice to be excited. For example,
the slice position for a given frequency offset can be varied
directly via the amplitudes a,, b, and c,. These field compo-
nents are also an obvious choice because they correspond
either to conventional linear gradients or to field components
of the shim system, so a design or assembly drawings are
already available. Additionally, the associated field compo-
nents are characterized by very high energy efficiency
because the power requirement increases with the harmonic
order. The organic slice shape resulting from the first super-
imposed magnetic field B_,_,; also corresponds to typical
shapes in the human body.

Alternatively, in another embodiment of the inventive
method, coil elements are available for producing n, (n,=n,,,+
1,,0,,11,,) Individual field components n,, wherein n individual

grad.

72

field components are formed as the linear sum of the fields of
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method, which is also termed the matrix method, is charac-
terized by an especially wide range of possible field shapes
and thus especially great flexibility of choice of slice shape.
The embodiment also enables production of superimposed
magnetic fields that are limited to a selected region. This not
only results in a reduced energy requirement but, due to this
spatial limitation, it is also possible to minimize the global
variation of the magnetic field. The latter also entails a reduc-
tion of the PN'S risk (PNS=Peripheral Nerve Stimulation) and
therefore permits a corresponding increase in the switching
rate of the superimposed magnetic fields.

The individual coil element currents are determined by
prescribing a target superimposed magnetic field according to
the shape of the slice to be excited and subsequent solving of
the associated linear system of equations by methods such as
regulated matrix inversion. This method is also used to gen-
erate the further superimposed magnetic fields B, (i>1).
The form of the associated target superimposed magnetic
fields results, in turn, from the approximately fulfilled
orthogonality criterion. If the latter cannot be fulfilled with
the available hardware, slight adjustment of B and thus
also of the slice shape may be necessary.

An especially preferred embodiment of the inventive
method is characterized in that the midsurface of each
selected slice comprises a point cloud of points P, (neN,
n>=4) where B, (P,)*y=frequency offset +/- 0.5
BWyr,50- By using a slice with an adjusted position, orien-
tation and curvature, it is thus possible to select point clouds
within a slice whose selection using conventional linear gra-
dients would require time-consuming 3D encoding in the
case of a thicker slice or multiple slices in the case of a
comparable slice thickness. The inventive method therefore
results in increased efficiency of the entire imaging process
because less volume has to be selected and spatially encoded.

Reformatting of the individual slices is also obviated. The
inventive method also makes it possible to avoid sources of
artifacts such as are presented by moving regions, by choos-
ing the appropriate number of points P,,.

A further development of this embodiment is characterized
in that the points P, correspond to those positions in the region
to be imaged of the object to be examined that are to be
mapped time-synchronously in an MR image. This enables
direct, time-synchronous analysis of the various P,, positions.
This is particularly advantageous for the analysis of dynamic
processes such as in fMRI (=functional magnetic resonance
imaging). If the activation areas to be analyzed were located
in different slices, it would first be necessary to perform
complex time synchronization, which is not possible for some
experiments.

An alternative to this embodiment is characterized in that
the points P, correspond to those positions in the region to be
imaged of the object to be examined that permit preferred
spatial encoding on the basis of the different coil sensitivities.
Such an adjustment of the slice shape to the sensitivity dis-
tribution of the various coils results in maximized generation
of differences between the received signals of the individual
receiver coils. This maximization of the additional informa-
tion, in turn, permits the reconstruction of maximum sub-
sampled data and therefore speeds up the acquisition process.

A special further development of these alternative embodi-
ments is characterized in that the points P, correspond to sites
on the visual cortex of a living organism and are aligned with
the skull located above it. This makes it possible to analyze
different activation areas of the visual cortex time-synchro-
nously. [talso means that fewer slices are required to cover the
entire visual cortex as compared with the standard method.

gradls
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The resulting reduced acquisition time makes it possible to
analyze the visual cortex with higher time resolution.

Alternatively, the points P, correspond to the sites on the
motor cortex of a living organism having the same orientation
with respect to an anatomical landmark. An example of the
latter would be the “Sulcus Centralis”. In an analogous way to
mapping of the visual cortex, this embodiment makes it pos-
sible to analyze different activation areas of the motor cortex
time-synchronously. Again, the efficiency of the coverage is
increased and makes a higher time resolution possible.

As a further alternative, the points P, correspond to sites on
the spinal canal of a living organism. Adjustment of the slice
curvature to the shape of the spinal canal in conjunction with
the relevant encoding makes it possible to represent the latter
in one slice. By adding multiple slices or one 3D-encoding,
the spinal canal can also be represented with a higher spatial
resolution or the entire spinal column can be represented with
correct axial alignment.

Another alternative further embodiment is characterized in
that the points P, correspond to sites on the joint structure of
a living organism. By adapting the slice curvature to the
curvature of a joint or structures inside the joint in combina-
tion with the inventive spatial encoding, these can also be
represented with correct axial alignment and with maximum
local resolution. Due to the flexibility of the slice selection it
is also possible to examine the joint in different positions and
thus examine it stretched and bent in different ways.

An alternative further embodiment is also noteworthy in
which the points P, correspond to sites on the bone surface of
a living organism. Thus, with the inventive method it is pos-
sible, for example, by suitable slice selection, to map the
entire extent of a bone or a large part thereof'in a single plane.

Another alternative further embodiment is characterized in
that the points P, correspond to sites on the jaw of a living
organism. Adjusting the slice shape to a jaw makes it possible
to represent the entire jaw in one or few slices. This is espe-
cially advantageous in examinations of the gum or changes
resulting from inflammation in the region of the tooth roots.
In conventional imaging with linear gradients, selection of
multiple slices or time-consuming 3D-encoding would be
necessary. In the case of spatial encoding according to the
standard method, the superposition of regions due to projec-
tion onto a plane would make analysis of the acquisition much
more difficult. Furthermore, inventive adjustment of the slice
shape to the jaw eliminates sources of artifacts, such as move-
ment of the neck, for example.

Further advantages of the invention can be derived from the
further description and the drawing. In accordance with the
invention, the characteristics stated above and below can be
used singly or in any combination. The embodiments shown
and described are not an exhaustive list but are examples to
explain the invention.

The invention is shown in the drawing and is explained in
more detail using examples.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 The dependence of the isolines of four different field
components in the x-y plane;

FIG. 2 The dependence of the isolines of the first superim-
posed magnetic field B,,,,, adjusted step by step and the
cross-section of the resulting slice shape in the x-y plane;

FIG. 3 The cross-section of a curved slice and the resulting
voxel shape for two different encoding fields in the x-y plane;

FIG. 4 A curved slice in the x-y plane having constant
thickness; and
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FIG. 5 A sequence diagram showing the switching of the
superimposed magnetic fields and the associated field com-
ponents.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

This invention relates to a further development of methods
of magnetic resonance imaging that make selection and
encoding of curved slices possible. It is based on the use of
combinations of field components with spatially linear and
spatially non-linear dependencies both for selection and also
for spatial encoding of non-planar slices.

By applying a superimposed magnetic field during the
irradiation of a one-dimensional RF pulse, it is possible to
select a volume whose shape depends on the spatial depen-
dence of the superimposed magnetic field and the frequency
characteristics of the RF pulse. In a standard case of this
process, named slice selection, with a spatially linear depen-
dence of the superimposed magnetic field, the shape of the
excited volume corresponds to a planar slice. If the superim-
posed magnetic field is composed of orthogonal field com-
ponents, the orientation of the slice can be changed in any way
by selecting a suitable amplitude. Spatial encoding with fur-
ther superimposed magnetic fields whose gradients are
orthogonally aligned with respect to each other and with
respect to the normal of the midsurface of the slice results in
unique mapping of the slice and in a rectangular voxel shape.
This means that differing regions are not mapped at the same
position and local resolution is maximized because of the
voxel shape. Because all encoding gradients extend parallel
with the midsurface of the selected slice, additional signal
dephasing inside the slice, as is the case for non-parallel
components, is avoided.

If the superimposed magnetic field applied for selection
exhibits a spatially non-linear dependence, the shape of the
selected volume deviates from the shape of a planar slice.
Rotation of the volume is possible when the superimposed
magnetic field is also composed of orthogonal field compo-
nents and additional use of linear field components also per-
mits a change in position of the volume. Such a method is
known, for example, from [1].

An alternative to slice selection using one-dimensional RF
pulses is the use of mufti-dimensional pulses. As is known
from [13], this method also permits the excitation of curved
slices, wherein the shape, orientation and position of the slice
can be selected with a high degree of flexibility, which, in
principle, enables adjustment to the structure of the object to
be examined. However, selection using mufti-dimensional
RF pulses is much more complex than with conventional,
one-dimensional pulses. The limited time available for pulse
irradiation due to relaxation processes, in particular, limits the
resolution of the volume to be selected. Added to this is the
risk ot high energy deposition in the object to be examined, so
that its application is severely restricted in practice.

Spatial encoding of a curved slice according to prior art
also presents problems. In regions in which the gradients are
not aligned orthogonally with the normal of the midsurface,
encoding with conventional linear gradients results in dis-
torted voxels associated with a reduced local resolution and
additional signal dephasing. Depending on the degree of cur-
vature, non-unique imaging is also possible. From [13] a
special method for RF encoding of a curved slice is also
known. As this is also based on multi-dimensional pulses, the
associated problems remain. Furthermore, although the
method permits elimination of non-unique imaging, the local
resolution remains reduced because of a lack of alignment of
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the resulting voxels along the midsurface of the curved slice.
In practice, spatial encoding with linear gradients having
different orientations as described in [15] also only permits a
rough approximation to an encoding along the midsurface of
the curved surface.

The inventive method is based on the selection of curved
slices by the application of a superimposed magnetic field
with a spatially non-linear dependence during the irradiation
of'a one-dimensional RF pulse and subsequent spatial encod-
ing by means of superimposed magnetic fields, which are
aligned approximately perpendicularly with respect to one
another and with respect to the normal of the midsurface of
the curved slice. The inventive method is described by way of
the following example of a case in which the excited slice
volume is composed of nv=1 partial volumes and the spatial
dependence of the field components used corresponds to
spherical harmonic coefficients of first and second order.

FIG. 1 shows the dependence of lines of the same magnetic
field strength (isolines) in the x-y plane of four of the five field
components used in the example. The isolines of the field
component 100 (B(x,y,z)=x*-y?) extend globally perpen-
dicularly to the isolines of component 110 (B(x,y,z)=2xy).
Both correspond to spherical harmonic coefficients of 2nd
order and do not vary along the z-dimension. Their non-linear
gradients are also globally perpendicular with respect to one
another. The field components 120 (B(x,y,z)=y) and 130
(B(x,y,2)=%) together with component B(x,y,z)=z, which is
not depicted, also exhibit global orthogonality. These three
field components of first order correspond to the linear gra-
dients of conventional spatial encoding.

FIG. 2 shows a first superimposed magnetic field B,
200, which comprises the two orthogonal field components
100 and 110. The field dependence corresponds to a rotation
of field component 100 about the origin in the x-y plane. The
angle of rotation is determined by the amplitude ratio of the
two field components. Addition of the linear field component
120 results in a shift of the field in the y direction (210),
additional addition of orthogonal linear component 130, a
shift in the x-direction (220). The quadrupolar field can thus
be rotated in any direction and shifted in the x-y plane via the
amplitude ratio of all four field components. If the resulting
first superimposed magnetic field B, ;; 220 is produced dur-
ing irradiation of an RF pulse (230), interaction with the spins
is limited to the selected region 231. The position of the slice
according to equation (2) is thus defined by the frequency
offset, while the slice thickness is defined by the bandwidth of
the pulse. For the first superimposed magnetic field B,
presented in this example, the slice curvature increases the
closer the slice is positioned to the center of the superimposed
quadrupolar field. Modification of the slice curvature for a
fixed position in real space is achieved by shifting the qua-
drupolar field and adapting the frequency offset accordingly.
The selected region 231 therefore merely represents a cross-
section of the curved slice, which extends constantly in the
z-direction. Inclusion of the linear field component
B(x,y,z)=z in production of a first superimposed magnetic
field B, would, in this case, permit additional inclination
of the selected slice along the 7 axis.

According to the inventive method, spatial encoding is
performed with superimposed magnetic fields whose gradi-
ents are aligned perpendicularly with respect to one another
and with respect to the normal of the midsurface. The field
dependence of the second superimposed magnetic field
B, uan 300 referring to the example for encoding along the
curved slice dimension is shown in FIG. 3. It is composed of
the same field components as the first superimposed magnetic

field B, 220, however with a different amplitude ratio.
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Encoding along the second dimension is performed in this
case with the linear z gradient. Also shown is the perimeter
301 of the selected slice, as well as the dependence of the
midsurface 302. Throughout the selected region, the isolines
of the second superimposed magnetic field B, 300 used
for encoding perpendicularly intersect the midsurface 302.
The associated field gradient thus extends globally along the
midsurface 302; the spin density is projected perpendicularly
to the midsurface accordingly. The voxel shape can also be
inferred from the dependence of slice 301 and of the isolines.
As can be seen in the enlargement 320 of the left partial
region, all voxels are characterized by a rectangular shape
321. Furthermore, all voxels are aligned along the midsur-
face. As aresult, local resolution is optimized. Encoding with
a conventional, linear superimposed magnetic field 310,
which corresponds to the state of the art, would result in
heavily distorted voxels 331 despite optimizing alignment, as
the enlargement 330 provided for comparison purposes
shows. The example demonstrates how a curved slice with
variable orientation, position and curvature can be selected
and subsequently encoded along its midsurface according to
the inventive method.

For the special case in which the volume of the selected
slice is composed of only nv=1 partial volume, the three
superimposed magnetic fields used for selection and encod-
ing can be directly assigned to a slice selection, phase encod-
ing and read-out gradient. This allows the simple transfer of
conventional sequences including their additional gradients
such as slice refocusing, spoiler or dephasing gradients to the
inventive method. FIG. 5 shows an example of a logical
sequence diagram 500 for a gradient echo sequence (GE). It
includes the amplitude dependencies for the slice selection
(Gy), read (Gy) and phase encoding channel (G), as well as
switching of the RF channel and ADC (analog-to-digital con-
verter) for read-out the MR signal. During irradiation of the
RF pulse 501 with flip angle a, the slice selection gradient
503 and subsequently the associated slice rephasing gradient
504 are switched. Rephasing of the MR signal is performed
by read-out rephasing gradient 505. While the MR signal is
being read out by the ADC 502, the read-out gradient 506 for
spatial encoding along the non-curved slice dimension is
switched. Spatial encoding along the curved slice dimension
is performed with the phase encoding gradient 507. The
physical sequence diagram 510 describes the associated
amplitude dependencies of the individual field components.
In the example sequence diagram shown here, the quadrupo-
lar field is not rotated, but merely shifted in the x-direction
and y-direction. In this case, the superimposed magnetic field
assigned to the logical slice selection gradient 503 is only
composed of the non-linear field component 110
(B(x,y,2)=2xy) and the two linear components 120
(B(x,y,2)=y) and 130 (B(x,y,2)=%x). The amplitude 511, 514
and 516, with which the individual field components are
switched during the slice selection process, is made possible
by the amplitude of the slice selection gradient 503 and the
amplitude ratio that characterizes the associated superim-
posed magnetic field. The amplitudes of the individual field
components for switching the slice rephasing gradient 504
and phase encoding gradient 507 are determined analogously.
This can result in superposition onto the physical channels
caused by the time-synchronous switching of both logical
gradients. The corresponding amplitude with which the field
component is switched results from the sum of the individual
contributions. In this example, this is the case for amplitudes
515 and 517 of the linear field components, while no super-
position occurs for amplitudes 512 and 513 of the non-linear
components. In this example, the superimposed magnetic
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field assigned to the logical read-out gradient is only com-
posed of the linear field components (B(x,y,z)=z). The ampli-
tudes 518 and 519 therefore result directly from the ampli-
tudes 505 and 506.

FIG. 4 demonstrates a further embodiment of the inventive
method, which uses mufti-dimensional RF pulses for slice
selection. Compared with the selected curved slice 301 used
with a one-dimensional pulse, a curved slice 401 with an even
thickness but with the same midsurface 302 is now selected.
According to the inventive method, in this case, too, spatial
encoding is performed globally along the curved slice, as is
illustrated by the isolines extending perpendicularly to the
midsurface 302 of the superimposed magnetic field that is
used for encoding.
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We claim:

1. A method of magnetic resonance (=MR) configured for

imaging an object, the method comprising the steps of:

a) applying, using a gradient system, a magnetic field B, .,
that is variable over time and space that permits spatial
selection of a region of the object to be imaged and
permits at least two-dimensional spatial encoding of MR
signals in the region of the object to be imaged, the
magnetic field B, having n,;, field components with a
spatially linear and n, ,;,,, field components with a spa-
tially non-linear dependence, wherein n;,,+n, =1, an
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amplitude and spatial dependence of B,,,, being con-
trolled by means of a strength and ratio of amplitudes of
individual field components, wherein the magnetic field
B,,..1s applied during a single measurement cycle from
excitation to read-out, of the MR signals, using at least
three magnetic fields B,,,,; superimposed on the region
ofthe object to be imaged, wherein a first superimposed
magnetic field B has a spatially non-linear depen-
dence;

b) transmitting, using an RF transmitter system with ng
transmitter coils, where n =1, at least one RF (=radio-
frequency) pulse, wherein a volume of at least one
curved slice is selected by applying the first superim-
posed magnetic field B, ,, during irradiation of the at
least one RF pulse; and

¢) receiving, using an RF receiver system with nz receiver
coils, where nz=1, RF signals transmitted by the object,
wherein a position and orientation of the curved slice, a
degree of curvature and a thickness of the slice are
selected via an amplitude, a spatial dependence of the
first superimposed magnetic field B, . ;;, a magnitude of
a frequency offset and a temporal dependence of the at
least one RF pulse, wherein a position, orientation and
curvature of the slice are described via a mid-surface A,
thereof, with B, (A,)=gyromagnetic ratio
y*frequency offset, a thickness of the slice being defined
by a respective extent of the slice along a normal of the
mid-surface A, ,, wherein a volume of the selected slice
is composed of n,, partial volumes and, in each partial
volume, gradients of at least one pair of remaining super-
imposed magnetic fields B, (i>1) exhibit an angle

dependence of 70° to 110° with respect to one another
and with respect to the normal of the mid-surface A,,
within the partial volume, wherein at least one superim-
posed magnetic field, of the respective superimposed
magnetic field pair, exhibits a spatially non-linear
dependence, combinations of these pairs being used in at
least two-dimensional spatial encoding of the MR signal
along the mid-surface A, of the selected slice; and

d) reconstructing, from the received magnetic resonance

signals of step ¢), by means of a reconstruction processor
that is part of a magnetic resonance system, at least one
selected and spatially-encoded, curved magnetic reso-
nance slice that is generated and displayed, in a form that
successfully maps the at least one curved magnetic reso-
nance slice, in an image format with the image pixels/
voxels being fully characterized by a substantially rect-
angular pixel/voxel shape.

2. The method of claim 1, wherein additional spatial encod-
ing of the selected slice is performed using the first superim-
posed magnetic field B,,,,, along a respective axis that is
aligned with the normal of the mid-surface A,,locally in the
range —20° to 20°.

3. The method of claim 1, wherein the superimposed first
magnetic field B, is varied over time and space during
irradiation of the at least one RF pulse.

4. The method of claim 1, wherein a magnetization of the
selected slice is prepared by one or more excitation, refocus-
ing and/or saturation operations, wherein the non-linear first
superimposed magnetic field B, ;, is used with at least one
RF pulse.

5. The method of claim 1, wherein a temporal dependence
of an amplitude and phase of the at least one RF pulse is
adjusted with respect to each of the ng transmitter coils.

6. The method of claim 1, wherein a local weighting and
position of nj receiver coils is taken into account during

gradl
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signal reception and differences between the individual
receiver coils are used in order to reconstruct the image.

7. The method of claim 1, wherein one of the superimposed
magnetic fields allocated for the spatial encoding in each
partial volume is used for frequency encoding and another
one of the superimposed magnetic fields is used for phase
encoding.

8. The method of claim 1, wherein one or more of the
superimposed magnetic fields allocated for the spatial encod-
ing in each partial volume is used for frequency encoding.

9. The method of claim 1, wherein one or more of the
superimposed magnetic fields allocated for the spatial encod-
ing in each partial volume is used for phase encoding.

10. The method of claim 1, wherein a shape of the field
components used corresponds to polynomials of first and
higher order in (x,y,z) coordinate notation.

11. The method of claim 10, wherein the superimposed
magnetic fields take the form:

Bt %y, 2)=a, *x4b ¥yte, Fzd * P-y)+e *(xp)
Braio(%,,2)=0"x+b5 *y+cy *24+d5* (xz —)’2 )+ex*(xy)

B

eraaa(F Y, 2)=a3 % +by ¥y+es ¥z
where a;, b, ¢,, d; and e, denote amplitudes of respective field
components.

12. The method of claim 1, wherein n, coil elements are

available for producing n, (n,=n,,+n ) individual field
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components, wherein the n, individual field components are
formed as a linear sum of fields of n_, (n_, element N, n_,<=n )
respective coil elements.

13. The method of claim 1, wherein the mid-surface of the
respective selected slice comprises a point cloud of points P,
n eN, n>=4) where B, ,,(P,)*Y=Irequency offset +/- 0.5
BWRF—puZSe'

14. The method of claim 13, wherein points P, correspond
to positions in the region of the object to be imaged, that are
to be imaged time-synchronously.

15. The method of claim 13, wherein the points P,, corre-
spond to positions in the region of the object to be imaged that
permit a preferred spatial encoding based on different
receiver coil sensitivities.

16. The method of claim 13, wherein the points P,, corre-
spond to sites on a visual cortex of a living organism and are
aligned with a skull located above said visual cortex.

17. The method of claim 13, wherein the points P, corre-
spond to sites on a motor cortex of a living organism having a
same orientation with respect to an anatomical landmark.

18. The method of claim 13, wherein the points P,, corre-
spond to sites on a spinal canal of a living organism.

19. The method of claim 13, wherein the points P, corre-
spond to sites on a joint structure of a living organism.

20. The method of claim 13, wherein the points P, corre-
spond to sites on a bone surface of a living organism.

21. The method of claim 13, wherein the points P, corre-
spond to sites on a jaw of a living organism.
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